A recent study using a 'partial' rodent model of schizophrenia has employed amygdalar activation to induce reported changes in the expression of hippocampal genes associated with metabolic and signaling pathways in response to amygdalar activation. The amygdalohippocampal pathway plays a central role in the regulation of the stress response and emotional learning. In the current study, we have performed a chromosome mapping analysis to determine whether genes showing changes in response to environmental stress may form clusters and, if so, whether they might show a topographical association with linkage sites for schizophrenia. When the hippocampal genes showing changes in expression were topographically mapped on specific rat chromosomes, significant clustering was observed on chromosomes 1, 4 and 8, although chromosome 1 showed the largest amount of clustering. When these same rodent genes were mapped to human chromosomes, most of the genes found on chromosome 1 in rat mapped to chromosome 11 in human. The vast majority of the genes showing changes in regulation were excluded from known linkage sites for schizophrenia. Based on these findings, we postulate that environmental factors may contribute to the endophenotype for schizophrenia through the activation and/or deactivation of specific genetic clusters, ones that do not appear to be directly associated with susceptibility genes for this disorder.
Introduction
After many years of intensive family studies and linkage analysis, 1 it is now generally believed that schizophrenia is best explained by a two factor model in which both genetic and environmental factors are needed to express the clinical phenotype. 2, 3 To date, susceptibility genes for this disorder have eluded identification and this has made it difficult to understand how their expression may be influenced by environmental factors. Indeed, there may be sets of genes independently regulated by environmental influences that exist in parallel with susceptibility genes and possibly influence their expression patterns. 4, 5 To explore this hypothesis, we have used a 'partial' rodent model 6 to investigate how hippocampal genes showing changes in regulation in response to amygdalar activation are topographically mapped in relation to the rat and human genome. The amygdalohippocampal pathway plays a central role in mediating environmental stress responses and also contributes to the encoding of context-dependent explicit memory by the hippocampus. 7 Evidence for GABAergic dysfunction has been reported in both the amygdala 8 and hippocampus [9] [10] [11] [12] [13] [14] [15] ). Based on these studies, particularly those showing changes in the regulation of the GABA A receptor, and the preferential distribution of abnormalities in sectors CA3 and CA2 (for reviews, see, Benes and Berretta 6 ), the amygdalohippocampal pathway is believed to play a pivotal role in the pathophysiology of psychotic disorders. 16, 17 Using the 'partial' model in which picrotoxin, a noncompetitive antagonist of the GABA-A receptor, is infused into the basolateral nucleus of the amygdala, 18, 19 we reported complex changes in the genetic regulation of hippocampal cells, particularly in the monoamine and peptide G-protein coupled pathways in response to amygdalar activation. 20 These data support a model in which amygdalar activation of the hippocampus results in regulatory changes of long-term potential (LTP) and/or apoptosis. 21, 22 Accordingly, these findings have raised important questions as to whether the various genes showing changes in expression in response to amygdalar activation of the hippocampus are randomly distributed throughout the genome or whether perhaps they may be clustered together on particular chromosomes, perhaps in arrangements that would facilitate epigenetic regulation. 23 It is also important to know whether there is a positional relationship between genes associated with the heritability of schizophrenia 24 versus those more likely to be associated with the response to environmental stress. Such information can potentially help define whether the interaction of inherited genes and environmental factors in schizophrenia might occur at the genomic level or perhaps at the level of functional neural circuits.
To begin to address these issues, we describe below the results of a topographical analysis of the distribution of hippocampal genes that show regulatory changes following acute amygdalar activation. To our knowledge, this is the first study to evaluate the potential association between environmentally regulated genes and established linkage sites for schizophrenia.
Materials and methods
The 'partial' model study was conducted as described. 20 Briefly, a subepileptic dose of picrotoxin (PICRO; 50 ng/0.8 ml; RBI, Natick, MA, USA) or vehicle (VEH) was continuously infused over a period of 96 h via a cannula stereotaxically placed in the basolateral nucleus of the amygdala of 20 SpragueDawley rats. The animals were killed 96 h later and the hippocampus was removed, flash frozen, and its RNA was processed for interrogation with Affymetrix RG-U34A rat genome arrays. Statistical analyses were performed on the arrays using the Affymetrix MicroArray Suite (Affymetrix, Santa Clara, CA, USA), dChip (www.dchip.org), 25, 26 and GenMAPP (www.genmapp.org) 27 to identify only biologically relevant genes-of-interest that showed significantly altered expression levels in the PICRO rats when compared to VEH rats (determined by t-test (Pp0.25)) 20 ). The data used for the current analysis can be accessed through the following URL: www.mclean.harvard.edu/research/mrc/benesville.php.
The NetAffx database (www.netaffx.com) 28 was used to obtain the genomic locations of the genes-ofinterest in this study. NetAffx utilizes the University of California at Santa Cruz (UCSC) Genome Bioinformatics database for this information. 29 Of the 85 genes-of-interest, 78 had documented > 99% sequence homology with a known region of the rat genome and were included in the analysis. NetAffx was also used to locate the appropriate human homolog (if one has been identified) for each geneof-interest. The rat and human genes were appropriately placed on ideograms obtained from the NCBI Genome Map Viewer and the University of Washington, Department of Pathology, respectively. 30, 31 Human chromosomal locations with significant linkage scores for schizophrenia (SZ) were derived from the Online Mendelian Inheritance in Man (OMIM) database 32 and compared to the locations of the human homologs of our rat genes-of-interest to detect the amount of overlap (Figure 2 ). The OMIM database is useful as a curated repository of information about genetic disease, including current information about linkage areas with significant logarithm-ofodds (LOD) scores. MIM #181500 was used for the sites of genetic linkage as it provides an overview of the published literature. Published support for these linkage sites can be found in each MIM listed in the Works Cited (181500, 603342, 181510, 600511, 603013, 603176, 605419, 603206, 600850, 192430, 188400 and 604906, more than 200 linkage studies in all).
In order to determine whether or not the 78 genesof-interest were randomly distributed across the rat genome (in other words, if the distribution of the genes-of-interest was independent of the chromosome number or if a disproportionate number of genes-of-interest localized to one or more chromosomes), an R Â C (21 row Â 2 column) G-test of independence 33 was used. An a priori assumption of a random distribution of the genes-of-interest seems appropriate given the relatively large number of genes from each chromosome on the Affymetrix RG-U34A chip and the relatively small number of genes-of-interest. The human genome contains nonrandom clusters of both genes with high expression levels expressed in many different tissues (ridges) and genes with low expression levels and more tissue-specific expression (antiridges). 34 However, it seems most appropriate to determine if there is any clustering first by assuming a random distribution, then assessing whether the clustering fits into either of the two preceding categories. The G-test is an appropriate statistical test for determining whether or not an independent relationship exists between two categories or attributes. 33 In this case, the number of genes changed and the chromosome number (e.g. chromosome 12) were the two categories. The absence of an association between genes-of-interest and a particular chromosome (12, for example) would suggest that the changes in gene expression induced by the 'partial' model are randomly distributed across the rat genome when considered on a chromosomeby-chromosome basis. Information concerning how many genes from each rat chromosome are on the RG-U34A chip was derived from the UCSC Genome Bioinformatics 29 and Affymetrix NetAffx 28 web pages. The expression levels and breadth of expression of the genes-of-interest were also visualized using HTMseq (http://bioinfo.amc.uva.nl/HTMseq) 34 to determine if they fit criteria for ridge-or antiridgelike clusters.
The gene distribution of the genes-of-interest on individual chromosomes was investigated next using dChip. The dChip statistical platform 25 I-kappa B 6 CHROMOSOME 1 CHROMOSOME 2 CHROMOSOME 3 CHROMOSOME 4 CHROMOSOME 5 CHROMOSOME 6
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TSH receptor 6q25 Figure 1 Locations of genes-of-interest on the rat genome with clusters identified. Clusters are identified in blue on chromosomes 1, 4 and 8. The distribution of genes across the genome followed a random distribution; however, these clusters on specific coding regions of these particular chromosomes indicate the possibility of another level of regulation occurring in the 'partial' model as a response to PICRO infusion.
distance of selected genes-of-interest from one another on a single chromosome and assigns a P-value using normalized rank distances. The base pair number where transcription begins for a certain gene (starting with 0 at the telomeric end of the p arm) is used as the location of that gene on the chromosome. The dChip algorithm assumes a null hypothesis that n selected genes on a chromosome will be randomly distributed on that chromosome. If X i is the rank of gene i on the chromosome (in other words, the rank of gene i divided by the number of all the genes on the chromosome), the distribution of these ranks is normalized to a distribution between 0 and 1. Under these conditions, y = X(n)ÀX(i) represents the normalized rank distance of a particular stretch of DNA between two genes. The probability (P) that y is less
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In this way, the algorithm measures the relative 'tightness' of a gene cluster of n genes on a chromosome against n genes randomly placed on the chromosome. The random distribution of these genes is ranked and normalized so that order statistics can then be used to calculate a P-value. 25, 26 Only clusters containing more than two members were considered. The Genome Information File used in this algorithm was constructed in the ChipInfo program 35 using information from the Rat Genome Sequencing Consortium (RGSC) v3.1 (http://www.hgsc.bcm.tmc.edu). The Genome Information File contains the location of each rat gene in terms of its corresponding chromosomal number and the base pair number where its transcription starts and ends on that chromosome (numbered starting from the telomeric end of the p arm). This information is maintained in the UCSC Genome Bioinformatics database and was obtained and parsed with the appropriate Affymetrix ID for each gene obtained from NetAffx through the use of dChip.
Quantitative RT-PCR
For real-time quantitative polymerase chain reaction (qRT-PCR), total RNA obtained from RNA used in the microarray analysis (see Benes et al. 20 ) for both saline controls (n = 4) and 96 h picrotoxin-treated animals (n = 4) was used. Complementary DNA was synthesized from 1 mg of total RNA using Superscript II reverse transcriptase and oligo-dT primers (Invitrogen). The 20 ml reaction volume was diluted five-fold for use in the PCR. Based on the expression profiles obtained in the original microarray analysis and to their locations on a specific chromosome (clustered versus nonclustered), five genes were selected for qRT-PCR: carnitine palmitoyl transferase I liver (Cpt1a), angiotensin II receptor, type I (ATIA), MI muscarinic acetylcholine receptor (MIach-R), D2 dopamine receptor (D2R) and protein kinase C delta (PKC delta). A primer set for each gene was designed with Primer3 software (http://www.genome.wi.mit.edu/cgi-bin/primer/primer3.cgi). Amplicons were designed to be between 100 and 265 base pairs in length ( Table 3 ). The PCR amplifications were performed on a Smartcycler (Cepheid, Sunnyvale, CA, USA) using Dynamo HS SYBR Green qPCR Kit (Finnzymes, A G-test of independence was used to determine if, given the number of genes-of-interest on each chromosome (second column) and the total number of genes from each chromosome represented on the Affymetrix RG-U34A chip (third column), the distribution of the genes-of-interest was random across the entire genome. The G-test assumes a null hypothesis of independence between two categories or groups; in this case, the groups are the chromosomes and the genes-of-interest. In other words, the test assumes that there is no dependent relationship between a certain chromosome and a disproportionate number of genes-ofinterest, and this hypothesis was validated (P = 0.92).
Espoo, Finland) with 300 nM primer concentrations. For the signal detection, the Smartcycler was programmed to an initial step of 15 min at 951C, followed by 40 thermal cycles of 20 s at 951C, and 30 s for both annealing 601C and extension 301C in a volume of 25 ml. Data were collected between 72 and 791C, depending on amplicon melting temperature. A melt curve analysis was performed at the end of each realtime quantitative PCR experiment to confirm the specificity of the PCR amplicons from each primer pair. Relative standard curve methods were used to determine the transcript levels for all genes targets and constitutively expressed 'housekeeping gene' GAPDH were constructed using serial dilutions of cDNA from a control sample. Dilution curves, controls and experimental samples were all run in duplicate. Reported values were normalized to the internal control rat Glyceraldehyde 3 phosphate dehydrogenase (accession number M17701), which was not regulated in the microarray or quantitative PCR analysis using a relative expression software tool (REST) for group-wise comparison of the resulting expression ratios.
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Results Figure 1 displays rat ideograms with our genes-ofinterest mapped to their respective loci. As shown in Table 1 , our genes-of-interest were randomly distributed across the genome, showing no preference for one chromosome over another (P = 0.92). However, three clusters of genes located significantly closer together on specific chromosomes than expected by a random distribution were detected on chromosomes: 1, 4 and 8. Table 2 presents the name, location, t-test P-value, direction of regulation and GenMAPP pathway for each gene in the clusters. Chromosome 1 had by far the largest cluster, with 12 members: the cholecystokinin B receptor, the acetylcholine M1 receptor, the dopamine D4 receptor, tyrosine hydroxylase, 7-dehydrocholesterol reductase, g gamma 8, lactate hydrogenase C, uncoupling proteins 2 and 3, a Fos-related antigen, carnitine palmitoyltransferase I and a fatty acid CoA ligase. As suggested in Figure 1 , the dChip analysis indicated that this group of 12 genes shows significant clustering (P = 0.027). Of these, nine showed particularly Genes-of-interest located in significant clusters identified by the dChip algorithm are listed. While P-values and even direction of regulation varied, the unlikely chromosomal locations of the genes in these clusters adjacent to one another raise the possibility of another level of regulation occurring, possibly epigenetic in nature.
tight clustering (P = 0.001), while a subgroup of six genes showed the greatest degree of clustering (P = 8 Â 10
À6
). Of these twelve genes, 10 were upregulated in PICRO rats when compared to the VEH group. Chromosome 4 has a small cluster of three downregulated genes: G1/S specific cyclin D2, lactate dehydrogenase B and kRAS B (P = 0.017). Chromosome 8 also showed a small cluster of three genes: a 20S subunit of the proteasome, cytochrome c oxidase 5a and Smad 3 (P = 0.045). In each of these cases, the 35 36 CHROMOSOME 8 CHROMOSOME 9 CHROMOSOME10 CHROMOSOME 11 CHROMOSOME12 Figure 2 Continued. susceptibility loci at 6q24, 5q12, 22q13 and 12q24 (2), respectively. In nonlinkage areas, chromosome 11 shows the largest aggregation of genes showing changes in expression in the picrotoxin experiment. The majority of these genes were localized to chromosome 1 in the rat, suggesting that significant homology exists between these two sites ( Figure 2) . QRT-PCR studies were performed on two clustered and four nonclustered different genes to further validate the gene expression profiling results (Table  3) . As with the D4 and CCK-B receptors that were previously reported, the M1 receptor (fold change = þ 2.77; P = 0.02) and CPT (fold change = þ 3.9; P = 0.009) showed a significant upregulation that was predicted by the gene expression profiling data previously reported. For the unclustered genes, the angiotensin A1 receptor (fold change = þ 4.37; P = 0.04) and protein kinase C delta (fold change = À3.73; P = 0.001) showed an up-and downregulation, respectively. Two additional nonclustered genes, the D2R (fold change = 1.06; P = 0.92) and G3PDH (fold change = 1.01; P = 0.97), showed no change in regulation. In both the clustered and unclustered genes, the direction of the changes was identical to that seen with gene expression profiling. However, the magnitude of the changes in expression Melanocortin receptor MC4 18q22 CHROMOSOME 13 CHROMOSOME 14 CHROMOSOME 15 CHROMOSOME 16 CHROMOSOME 17 CHROMOSOME 18 13 Figure 2 Continued. was much greater than that seen with gene expression profiling, with the exception of the D2 receptor and G3PDH, where no changes were observed either with gene expression profiling or qRT-PCR (Figure 3) .
Discussion
In general, the hippocampal genes regulated by amygdalar activation were randomly distributed across the genome. This was expected since it is difficult to conceptualize a biological explanation for the activation of genes (either more or less than expected) on one particular chromosome rather than another. In this setting, the clustering identified on specific coding regions of chromosomes 1, 4 and 8 was unexpected. These three groups of genes have been identified because they are physically distributed closer to one another on their respective chromosomes than would be expected by a random distribution. Accordingly, we postulate that amygdalar activation of the hippocampus may induce changes in the transcriptional regulation of groups of genes, possibly through epigenetic mechanisms, and that these changes in regulation may affect specific topographic loci along Chromosomes 1, 4 and 8. The presence of these clusters suggests that increased excitatory activity directed to the hippocampus from the basolateral nucleus of the amygdala may potentially be associated with the activation or deactivation of epigenetic mechanisms operating at the chromosomal level.
The presence of clusters of similarly regulated genes may be a likely indication of higher-order transcriptional regulation in eukaryotes. Imprinting is one well-known example of this regulation, in which epigenetic mechanisms cause only one par- X CHROMOSOME Y CHROMOSOME Figure 2 Continued. ental allele to be expressed. 37 Epigenetic mechanisms influence gene expression by making gene DNA more or less accessible to transcriptional machinery. This is accomplished through alterations in the methylation state of cytosine-guanine (CpG) islands in the promoter of a gene or genes and/or changes in the acetylation state of histones, around which DNA is wound. [37] [38] [39] In the case of imprinting, epigenetic mechanisms seem to regulate clusters of genes. 40 Transcriptional control of clusters of genes may have developed from the prokaryotic operon under evolutionary pressure to keep related genes near one another on the genome so they can be regulated and quickly expressed together in response to environmental change. 41 This could explain observations that genes which interact in biological pathways in humans are clustered together, 42 likely in order to assist in coregulation. Genes located near one another also tend to be coexpressed in other species, including rats. 43 The human genome itself seems to be organized into higher-order clusters of ubiquitously expressed housekeeping genes with characteristically high expression levels, known as ridges. 44, 45 The opposite has also recently been discovered in the form of antiridges, clusters of genes with low expression levels. 34 Transcriptional regulation of ridges and antiridges has been postulated to occur at both an individual-gene level and at the cluster level through an epigenetic or other unknown mechanism.
A possible biological explanation for the gene clustering observed in this study may be that we have activated mechanisms involved in the regulation of antiridges, since our clusters have very low expression levels and are mostly expressed in only one or a few tissues, characteristic of genes in antiridges. 34 However, further study is needed to determine if the regulation involved in epigenetic phenomena, ridges, 'synexpression groups', 41 and the clusters identified here are the same or disparate phenomena. This is a particularly challenging area, given the dearth of information about clustering in the rat genome.
It is important to emphasize that changes in gene regulation do not necessarily imply epigenetic mechanisms are operative, unless considered in the broadest context. The individual gene clusters identified in the current report clearly show changes in regulation that are independent of one another. It is noteworthy that some genes within a single cluster showed increased expression, while others showed decreased expression. For demethylation and methylation reactions, increases and decreases, respectively, are generally observed; 46, 47 however, it is not clear whether both mechanisms can operate within a small topographical area of a single chromosome, although this sort of two-level regulation at the cluster and individual gene level is postulated to occur in ridges. 34 In the current study, it is not possible at present to know what epigenetic mechanism(s) could theoretically account for the observed changes in gene expression within the three identified clusters.
It is noteworthy that the number of genes overlapping genetic linkage susceptibility sites for schizophrenia was nonsignificant. In assessing the importance of this null finding, one must consider Figure 3 A comparison of mRNA levels for clustered (carnitine palmitoyl transferase, CPT; angiotensin 1A, AT1A) and unclustered (dopamine D2 receptor, protein kinase C delta, PKC delta; M1 muscarinic receptor and glyceraldehydes-3-phosphate dehydrogenase, G3PDH) genes in the hippocampus of saline-and picrotoxin-treated rat. G3PDH that showed no difference between the salineand picrotoxin-treated rats was used to normalize the data for the other genes. The direction of the changes are identical to those observed using gene expression profiling. The sequences shown represent primer pairs that were designed using web-based Primer-3 design program (www.genome.wi.mit.edu). The numbers in parentheses represent Genbank accession numbers for each gene. The length of the specific amplification products (amplicons) is shown in the right column. All primer pairs were designed to span an intron to exclude potential genomic DNA contamination.
that the genes showing changes in regulation in response to picrotoxin infusion in the BLA may be part of a nonspecific environmentally driven factor such as stress. 21, 48 Such a mechanism may enhance the ability of the hippocampus to store relevant information. 22 A strong epigenetic component could play a significant role in controlling the regulation of genes associated with learning and the stress response. [49] [50] [51] This could either occur independently of faulty genes [52] [53] [54] or through a synergistic collaboration with them. 55 In the latter scenario, the genes showing a changes in regulation in response to amygdalar activation could be among those necessary for 'triggering' the onset of schizophrenic illness in those who are genetically predisposed to develop it. [56] [57] [58] 
